Introduction: The glymphatic system is a brain-wide perivascular network that facilitates clearance of proteins, including amyloid b, from the brain interstitium through the perivascular exchange of cerebrospinal fluid and interstitial fluid. The astrocytic water channel aquaporin-4 (AQP4) is required for glymphatic system function, and impairment of glymphatic function in the aging brain is associated with altered AQP4 expression and localization. In human cortical tissue, alterations in AQP4 expression and localization are associated with Alzheimer's disease (AD) status and pathology. Although this suggests a potential role for AQP4 in the development or progression of AD, the relationship between of naturally occurring variants in the human AQP4 gene and cognitive function has not yet been evaluated. Methods: Using data from several longitudinal aging cohorts, we investigated the association between five AQP4 single-nucleotide polymorphisms (SNPs) and the rate of cognitive decline in participants with a diagnosis of AD.
Introduction
Impaired clearance is suggested as a major cause of pathologic accumulation of amyloid b (Ab) in the brain and subsequent development of sporadic Alzheimer's disease (AD), in contrast to familial AD in which aberrant production of Ab is the key driver [1] [2] [3] . Emerging findings from longitudinal studies utilizing cerebrospinal fluid (CSF)-based or positron emission tomography-based Ab biomarker measurements suggest that Ab begins to deposit within the brains of subjects in their 40s and 50s, presumably decades before the onset of clinical symptoms [4] . Recent studies have shown that the rate of Ab clearance is significantly slowed both with advancing age and with the presence of AD [5, 6] . However, the mechanism underlying this age-related slowing of Ab clearance is not yet known.
Recently, a brain-wide perivascular clearance pathway has been described that facilitates the clearance of interstitial solutes and proteins, including Ab and tau, from the brain [3, 7, 8] . Termed the "glymphatic" system, this perivascular pathway is dependent upon the astrocytic water channel aquaporin-4 (AQP4) that is localized to perivascular astrocytic endfeet that ensheathe the cerebral vasculature [8] . Genetic deletion of the mouse Aqp4 gene slows Ab clearance [8] and accelerates the deposition of Ab plaques in a transgenic mouse model of AD [9] . In the aging rodent brain, glymphatic function is impaired and interstitial Ab clearance is slowed, changes that are associated with the loss of perivascular AQP4 localization [10] . In a recently published study carried out in human-autopsy tissue, loss of perivascular AQP4 localization was a strong predictor of AD status and was associated with greater Ab plaque density and neurofibrillary pathology [11] .
Although glymphatic function has only been visualized in human subjects in a single case report [12] , these findings suggest that changes in AQP4 expression, localization, or function may alter glymphatic pathway function and contribute to the development of AD or other neurodegenerative conditions. If true, then naturally occurring variants in the human AQP4 gene may be associated with changes in the development of age-related cognitive decline or AD. Indeed, singlenucleotide polymorphisms (SNPs) in the human AQP4 gene have been associated with altered clinical outcomes in numerous neurological diseases including sudden infant death syndrome [13] , stroke [14] , leukoaraiosis [15] , and traumatic brain injury (TBI) [16] . However, no studies to date have investigated the role of AQP4 SNPs in the setting of AD.
We utilized data from seven well-characterized longitudinal cohorts on aging to determine if AQP4 SNPs were associated with more rapid cognitive or functional decline in older individuals with and without AD. We employed a linear mixed modeling approach to compare the rate of cognitive and functional decline to SNP genotypes using a battery of neuropsychiatric and functional evaluations. Our findings show that AQP4 SNPs are significantly associated with altered rates of cognitive decline in AD, supporting a role for AQP4 in the development of AD and as a potential therapeutic target in the prevention or treatment of AD.
Methods

Database sources and study population
The protocols for the studies used for analysis were approved by the Institutional Review Board at Oregon Health & Science University, Portland, Oregon, with participants providing written informed consent across all cohorts. We conducted a retrospective cohort study using a number of existing longitudinal natural history studies of cognitive aging available through the Oregon Alzheimer's Disease Center: the Oregon Brain Aging Study (OBAS I and OBAS II; n 5 130) [17] , the Intelligent Systems for Assessment of Aging Changes (n 5 88) [18] , the African-American Dementia and Aging Project (n 5 49), the Klamath Exceptional Aging Project (n 5 151) [19] , the Oregon Community Brain Donor Program (n 5 86), Oregon Living Laboratory (n 5 46), and the Layton Alzheimer's Disease Center's patient registry (n 5 74) [20] , leading to a final starting cohort of 634 subjects.
Different initial entry criteria were present across the seven studies leading to a potential for heterogeneity in the final data set. Although not required for study entry, the data set used for analysis required all subjects to begin their baseline visit as cognitively intact; however, a significant proportion of participants eventually developed cognitive decline and dementia. There were no further restrictions on prior comorbid illnesses beyond individual study criteria.
To appropriately contribute to the longitudinal analysis, all participants were required to have at least one follow-up visit during their study involvement and DNA available for analysis. Although the final visit content varied between studies, a set of predefined cognitive assessments were selected based on their prevalence across the annual and semi-annual assessments of the studies, with patient caregivers participating when applicable. Using the aforementioned cohorts, we derived a comprehensive longitudinal data set including demographic, outcome, and SNP genotype variables.
Of particular interest was whether the AQP4 SNPs had a larger effect on the rate of decline following a clinical diagnosis of AD. We hypothesized that since individuals with AD have impaired Ab clearance [6] , and AQP4 is important in Ab clearance [8] , changes in AQP4 structure and function due to SNPs may be more evident in individuals with AD than those without AD due to pathologic changes in the brain. Subjects were only considered for categorization as "AD" if their final study visit included a positive diagnosis of dementia. This was deemed a necessary criterion for pathological diagnosis when available so that all AD subjects would end their study involvement as AD. For visits before the last one, subjects were classified as "post-AD" only after two concurrent follow-up visits with a clinical diagnosis of AD based on established criteria [21] . For modeling purposes, this diagnosis was considered persistent for all subsequent time points, even if occasional follow-up visits suggested possible changes in clinical diagnosis. Of the 634 subjects that all entered cognitively intact, 163 had a diagnosis of Alzheimer's dementia and 471 remained cognitively intact at the time of their last evaluation. Frequency of AQP4 SNPs among non-AD and AD subjects is shown in Supplementary Table 1.
Neuropathologic analysis
Brain tissue for longitudinal aging study subjects that come to autopsy is maintained within the Oregon Brain Bank. At the time of autopsy, brain tissues from several regions were collected for histopathological analysis to evaluate AD, vascular, and other pathological features as described previously [22] . Briefly, brains were fixed in the neutral-buffered formaldehyde solution for at least 2 weeks and examined grossly as well as microscopically. For microscopic evaluation, tissue samples were taken from all cortical lobes bilaterally or unilaterally, frontal lobe white matter, anterior cingulate gyrus, hippocampus, amygdala, bilateral striatum and thalamus, midbrain, pons, medulla, and cerebellum. Six-micrometer sections were routinely stained with hematoxylin-eosin, Luxol fast blue, Congo redgallocyanin, and by the modified Bielschowsky silver impregnation method. Selected sections of hippocampus and neocortical regions were immunostained with antibody to tau (tau2; Sigma, St. Louis, MO). Pathologic diagnoses were established using consensus criteria [23] . Information related to neuritic plaques and neurofibrillary tangle burdens, presence of ischemic, hemorrhagic, or vascular pathology, amyloid angiopathy, large vessel strokes, lacunes, presence of Lewy bodies, hippocampal sclerosis, and degree of arteriosclerosis was summarized using the National Alzheimer's Coordinating Center Neuropathology Data Form [24] .
Outcome measures
Longitudinal changes in cognitive function were taken from the participants' annual clinical assessments, neuropsychological evaluations, and questionnaires collected during study visits. Primary outcome measures were global cognitive function, episodic memory, and executive function. Global assessments of cognitive ability included the Mini-Mental State Examination (MMSE) [25] and Clinical Dementia Rating Sum of Boxes (CDR SoB) score [26] . The Logical Memory II subtest of the Wechsler Memory Scale was used to assess episodic memory [27] . The Digit Symbol Substitution Test (Digit Symbol) [28] and part B of the Trails Making Test (Trails B) [29] were used to assess executive function.
Associations between SNP carrier status and neuropathology were evaluated using several different measures, as established previously [30] . The following binary (no vs. yes) measures were included in final analysis: presence of (1) large arterial infarcts, (2) one or more lacunes, (3) multiple infarcts, and (4) microinfarcts. In addition, the following categorical measures were included: atherosclerosis of the circle of Willis (0-2 vs. 3), Braak stage for neurofibrillary degeneration (0-IV vs. V-VI), density of neocortical neuritic plaques (0-2 vs. 3), cerebral amyloid angiopathy (0-2 vs. 3), and arteriolosclerosis (0-2 vs. 3). Finally, Lewy body pathology was evaluated as not present or unspecified versus limbic or neocortical. SNP carriers were compared with noncarriers using logistic regression.
AQP4 SNP design
Target AQP4 SNPs of interest were identified first based on SNPs that had previously been associated with altered outcomes in neurological disorders, including TBI and stroke [13] [14] [15] [16] , and second based upon SNP coverage available within the gene array platform used with the present subjects' data set. Genome-wide SNP genotyping was performed through Illumina genome array platforms, including HumanExome-12, v1.0, HumanOmniExpressExome-8, HumanOmniExpressExome-8, Illumina 660, Illumina HumanCNV370, and Illumina OmniExpress. The final panel set consisted of five AQP4 SNPs: rs335929, rs3763043, rs3763040, rs9951307, and rs3875089. Those with one or two copies of the minor allele were identified as "carriers", whereas homozygotes for the common major allele were classified as "noncarriers". Participants carrying one or two copies of the minor allele were pooled for all SNPs because of the inadequate sample sizes of homozygous minor allele carriers in most genotyped SNPs.
Statistical analysis
All statistical analysis was carried out using R, 3.2 and R, 3.3 [31] with additional utility from the lme4 package [32] . Mixed-effect models were used to assess the relationship between genotype at the AQP4 SNPs of interest and the rate of change of the described outcome variables both before and after a clinical diagnosis of AD. Principal assessment evaluated the rate of change in outcomes for each participant over time. Known demographic confounders were selected a priori (age, sex, education level, Cumulative Illness Rating Score (CIRS) at baseline, and APOE genotype status) and were controlled for in all models, as were baseline values of outcomes when assessing rates of change. Effects of racial background on our analysis were also assessed. Although there were baseline differences in some cognitive outcomes at study entry, there was no association between race and SNP allele status, dementia status, or rate of change of the various cognitive and functional outcomes. CIRS is a validated and reliable method to measure comorbidity, and it is commonly used in clinical research [33, 34] . CIRS rates 13 different physiologic systems on a five-point severity scale [35] . The key independent variables of interest, SNP carrier status, diagnosis of AD, and their interaction, were dichotomized to give four groups for each SNP (Noncarriers pre-AD, SNP carriers pre-AD, noncarriers post-AD, and SNP carriers post-AD). An interaction between AQP4 SNP status and a clinical diagnosis of AD was the main variable used to evaluate any longitudinal relationship between genetic factors and AD and directly contrast the effects of carrier versus noncarrier status both before and after a diagnosis of AD.
Due to the use of multiple distinct cohorts in this study, cohort bias on the time-dependent associations of the outcomes was assessed. Although there were cohort-based population differences in the outcomes at entry into the studies, these baseline differences had no bearing on the changes in outcomes over time, which is a principal consideration of the current analysis. With no observable cohort effects on the time-dependent changes in outcomes, the multiple cohorts were pooled into a single disposition.
The mixed model allowed for an analysis framework to most appropriately leverage the repeated but varying visits among the various studies. An unstructured error covariance model was used, and parameters were estimated using restricted maximum likelihood procedures. Missing data points in the analytical sample were considered missing at random, and the above approach was sufficient under this assumption. Model fit and integrity were examined using a combination of formal fit criteria, including Cook's distance and the standardized difference of the b's, and visual inspection of the residual plots. Individual subject visits were considered for removal when they were found to be outcome outliers based on excessive model residuals as well as having undue and extensive influence on longitudinal trajectories due to large leverages. When both criteria were met, these subject visits were considered to be overly influential model outliers and were excluded globally from all analyses. Results were considered significant at P , .05 only after a two-level adjustment to P values to correct for statistical tests on multiple response variables. False discovery correction was first used across the entire cohort of assessed models for scalability to allow for only 5% of erroneous discoveries in the significant results. The significance of this selection set was then further adjusted using the more stringent Holm-Sidak family-wise error rate correction to correct for multiple comparisons. These adjusted P values were then used to determine final model significance.
Comparison of model log-likelihoods was used to evaluate both the overall goodness-of-fit of the models and the informative benefit specific to the inclusion of the principal longitudinal interactions of AD diagnosis and SNP carrier status. McFadden's R 2 was calculated for the overall fit of a model to a given outcome, with the minimum loglikelihoods for the fully developed models compared with the log-likelihoods from an intercept-only design. The informativeness of the key interactions against the outcomes was assessed using a c 2 test on the change in log-likelihood of the fully developed models from the nested models without the interactions. This combined approach allowed for a determination not only of the overall fit of the model but also of the utility specific to the central hypotheses related to AD diagnosis and carrier status of the AQP4 SNPs.
Results
Study demographics
A total of 634 participants underwent multiple cognitive evaluations and were thus included in analysis. All participants were cognitively intact at study entry. Participant demographics are summarized in Table 1 . Of the 634 participants, 471 did not receive AD diagnosis any time during the study, whereas 163 received AD diagnosis at some point. Of the 471 participants that did not receive AD diagnosis, 242 received a mild cognitive impairment (MCI) diagnosis at some point during the study. However, analysis of MCI participants did not yield any associations between SNP carrier status and cognitive decline when compared with AD or non-AD participants. Therefore, participants that received MCI diagnosis were included in the non-AD group for analysis.
Overall, 67% of the participants were female. 584 participants were Caucasian, whereas 50 were African-American. Similar to observed population demographics, 35.0% of participants with an AD diagnosis were carriers of the APOE ε4 allele, whereas only 17.6% of the non-AD participants were carriers (odds ration [OR] 5 2.51; P , .001). No other significant differences in subject demographics were observed based on AD diagnosis at study exit.
AQP4 SNPS and cognitive and functional decline
To determine whether a minor allele in one of the five AQP4 SNPs was associated with altered cognitive and functional decline over time, we compared change in score of five different cognitive and functional tests between AQP4 SNP minor allele carriers and noncarriers. Cognitive function was quantified using the following tests: MMSE, CDR SoB, Logical Memory II, Digit Symbol, and Trails B. We separated our analysis based on AD diagnosis status (pre-AD and post-AD). The full results of our analysis are included in Supplementary Table 2 . There were no significant differences for SNP genotype in rate of cognitive and functional decline for any of the five tests in the pre-AD analysis group.
However, in the post-AD analysis group, a minor allele in any of the five APQ4 SNPs was associated with altered cognitive decline compared to noncarriers. The t-statistics comparing minor allele carriers to noncarriers for the post-AD analysis group are shown in Table 2 and in detail in Supplementary Table 2 . The significant effects of the SNPs on cognitive and executive function were largely consistent across different cognitive and functional tests, such that either homozygous or heterozygous possession of the minor allele was associated with either slower cognitive and functional decline (rs9951307 and rs3875089) or more rapid cognitive and functional decline (rs3763040 and rs3763043). In the case of rs335929, possession of the minor allele was associated with more rapid decline in CDR, but slower decline in Logical Memory and Digit Symbol tests performance (Table 2 ).
AQP4 SNPS associated with slower cognitive and functional decline after AD diagnosis
Homozygous or heterozygous possession of the minor allele at rs3875089 was associated with significantly slower decrease in MMSE score (t 5 3.96, P , .001-all reported P values are adjusted as described in the Methods) and significantly slower increase in CDR SoB score (t 5 6.20, P , .001) compared with noncarriers. Individual scatter plots used for calculating slopes for all five functional and cognitive tests to compare rs3875089 carriers with noncarriers post-AD are shown in Fig. 1 . In addition, homozygous or heterozygous possession of the minor allele at rs9951307 was associated with significantly slower decline in Logical Memory II score (t 5 3.00, P , .01) and significantly slower increase in Trails B time (t 5 2.34, P , .05) post-AD (Table 2, Supplementary Table 2 ).
AQP4 SNPS associated with faster cognitive and functional decline after AD diagnosis
Homozygous or heterozygous possession of the minor allele at rs3763043 was associated with significantly faster decline in MMSE (t 5 25.63, P , .001), Logical Memory II (t 5 23.49, P , .001), and Digit Symbol (t 5 22.51, P , .05) scores compared with noncarriers. Individual scatter plots used for calculating slopes for all five functional and cognitive tests to compare rs3763043 carriers with noncarriers post-AD are shown in Fig. 2 . In addition, homozygous or heterozygous possession of the minor allele at rs3763040 was associated with significantly faster decline in MMSE score (t 5 23.1, P , .01) and significantly faster increase in CDR SoB score (t 5 24.43, P ,.001) compared with noncarriers ( Table 2, Supplementary Table 2) .
Homozygous or heterozygous possession of the minor allele at rs335929 was associated with significantly faster increase in CDR SoB score (t 5 24.74, P , .001) compared with noncarriers. However, homozygous or heterozygous possession of the minor allele at rs335929 was associated with significantly slower decline in Logical Memory II (t 5 3.87, P , .01) and Digit Symbol (t 5 2.56, P , .05) scores compared to noncarriers ( Table 2, Supplementary  Table 2) .
In our analysis, we included subjects diagnosed with MCI in the "non-AD" group because subjects with MCI have a distinct clinical progression from those diagnosed with AD. To confirm that the analysis was not influenced by the spurious combination of cognitively intact and MCI subjects, we repeated the above analysis after removing MCI subjects (Supplementary Table 3 ). With removal of the MCI subjects and the limited coverage in the cohort of specific neurocognitive tests (Digit Symbol and Trails B), several of these associations were underpowered. For the MMSE and CDR SoB, no difference was observed in the associations with individual AQP4 SNPs with the exclusion of MCI subjects. For the individual neurocognitive tests that were sufficiently powered after removal of MCI subjects (Logical Memory across all AQP4 SNPs, Digit Symbol, and Trails B for rs9951307 and rs335929), results did not change with removal of MCI subjects. Thus, to maximize statistical power, we included MCI subjects in the non-AD cohort.
Enrichment of functional decline effects in double carriers of AQP4 SNPS after AD diagnosis
Because the minor allele frequency was quite high for many of our SNPs (Supplementary Table 2 ), we surmised that there would be a large number of participants carrying NOTE. t-statistics for the difference in rate of change over time for the five functional and cognitive tests between AQP4 SNP carriers and noncarriers, post-AD diagnosis. Cells shaded in green represent a significant association with slowed cognitive or functional decline with possession of the SNP. Cells shaded in red represent a significant association with more rapid cognitive or functional decline with possession of the SNP. * 5 P , .05, ** 5 P , .01, *** 5 P , .001. multiple SNPs. Furthermore, since SNPs were associated with either slower cognitive decline (rs3875089 and rs9951307-"protective" SNPs) or faster cognitive decline (rs3763043 and rs3763040-"deleterious" SNPs), we hypothesized that there might be an additive effect of these protective or deleterious SNPs. We compared rates of cognitive decline between subjects carrying a single protective or deleterious SNP with subjects carrying a second protective or deleterious SNP, respectively. In addition, we compared rates of cognitive decline between noncarrier subjects and subjects carrying two protective or two deleterious SNPs. All analysis was performed in subjects with AD diagnosis.
Limitations of adequate coverage for carriers were immediately apparent. As all SNP effects were seen after AD diagnosis, sufficient numbers of post-AD single and double carriers were necessary to create models capable of developing generalizable interpretations. In particular, the specific cognitive assessments such as Logical Memory and Trails B testing were too underpowered to be able to draw meaningful conclusions. Therefore, only the functional assessments of MMSE and CDR were considered under the double-carrier designs.
For carriers of the protective SNPS, both carriers of the rs3875089 minor allele and double carriers of rs3875089 and rs9951307 both showed significantly reduced functional decline after an AD diagnosis compared with noncarriers for both MMSE score (rs3875089 single carrier: t 5 4.60, P , .001; double carrier: t 5 2.64, P , .01) and CDR SoB (rs3875089 single carrier: Fig. 1 . Plots of individual data points and annualized rate of change for rs3875089 carriers and noncarriers. Graphs (A-E) show the score recorded for all five functional and cognitive test for every individual visit (after AD diagnosis) in all of the studies. From these data points, slopes are calculated for rs3875089 carriers (both homozygous and heterozygous carriers of the minor allele) and noncarriers (shown in the table). Abbreviations: CDR SoB, Clinical Dementia Rating Sum of Boxes; MMSE, Mini-Mental State Examination. t 5 2.85, P , .01; double carrier: t 5 26.25; P , .001). However, when comparing noncarriers with rs9951307 post-AD, there were no observed differences in rates of decline for either MMSE (t 5 1.79, not significant [NS]) or CDR SoB (t 5 0.02, NS). Finally, contrasting rs3875089 single carriers to the double carriers observed no significant difference in their SNP effects for either MMSE or CDR SoB.
Evaluation of the carriers of the deleterious SNPS was further complicated for allele frequencies as it was found that all but one of the subjects with an AD diagnosis who were minor carriers of the rs3763040 minor allele were also carriers of the rs3763043 allele. As there were no AD subjects who were solely rs3763040 minor allele carriers, we compared noncarriers with rs3763043 single carriers and rs3763043 single carriers to subjects who were carriers of the minor allele at rs3763040 and at rs3763043. When evaluating MMSE score, increased rates of functional decline were observed for both rs3763043 single carriers (t 5 24.03, P , .01) and the double carriers (t 5 26.46, P , .001) when compared with noncarriers post-AD. Further, the increased rate of decline seen in double carriers was significantly greater than the rate observed in rs3763043 single carriers (t 5 22.49, P , .05). A similar pattern was observed with CDR SoB, with double carriers showing significantly faster rates of decline compared with both noncarriers (t 5 24.71, P , .001) and single carriers of the rs3763043 minor allele (t 5 25.25, P , .001). However, with this enriched cohort definition of rs3763043 carriers, single carriers were not observed to be significantly different from noncarriers (t 5 1.15, NS). 
Associations between AQP4 SNP status and neuropathology measures
Among subjects that had come to autopsy, none of the five AQP4 SNPs were associated with altered measurements of AD pathology, including Braak stage, density of neuritic plaques, or the presence of amyloid angiopathy (Table 3 ). Homozygous or heterozygous possession of the minor allele at rs9951307 was associated with fewer large arterial infarcts compared with noncarriers in AD subjects (z 5 22.34, P , .05). Homozygous or heterozygous possession of the minor allele at rs3763040 or rs3763043 was each associated with the presence of lacunar infarcts compared to noncarriers in AD subjects (z 5 2.26, P , .05; z 5 2.26, P , .05; respectively, Table 3 ).
Discussion
We utilized patient data from several longitudinal cohorts to determine if AQP4 SNPs were associated with altered progression of age-related cognitive or functional impairment. We identified five SNPs in the AQP4 gene where homozygous or heterozygous possession of the minor allele was associated with altered rate of cognitive decline after AD diagnosis compared with noncarriers. rs9951307 and rs3875089 were associated with slower decline or dementia progression, whereas rs3763040 and rs3763043 were associated with faster decline or dementia progression. In addition, we found that subjects carrying the minor allele at both rs3763040 and rs3763043 had faster cognitive decline compared with noncarriers and subjects carrying the minor allele only at rs3763043. Taken together, these data suggest that in persons with AD, SNPs in the AQP4 loci may lead to altered disease progression.
Our results are consistent with previous studies showing that AQP4 SNPs alter clinical outcomes in various central nervous system (CNS) disorders [13] [14] [15] [16] . AQP4 variants have been associated with altered clinical outcomes in TBI [16] , sudden infant death syndrome [13] , leukoaraiosis [15] , and stroke [14] . In all of these disorders, impaired brain fluid homeostasis was thought to lead to neurological damage and dysfunction. In a study of 363 patients with TBI, Dardiotis et al. [16] found that AQP4 SNP rs3763043 was associated with poorer outcomes, as quantified by Glasgow Coma Scale and Glasgow Outcome Scale. In this study, the authors proposed that changes in the formation or resolution of cerebral edema might underlie these reported associations. In agreement with these results, we found that rs3763043 was associated with faster cognitive decline after AD diagnosis. This suggests rs3763043 may be associated with altered AQP4 protein expression, localization and/or function, which subsequently could alter CSF-interstitial fluid dynamics and ultimately brain function.
Although all of the SNPs we investigated are located in the noncoding regions of the AQP4 gene, two SNPs, rs3875089 and rs3763040, are located in the putative promoter region of one of the two isoforms of AQP4, AQP4-M23 (Fig. 3) . AQP4 is a 3-kb gene located on chromosome 18 that can be translated either into the AQP4-M1 or the AQP4-M23 isoform based upon which of two alternative transcription-initiation sites are employed. The larger AQP4-M1 isoform moves freely within the astrocyte plasma membrane, whereas the smaller AQP4-M23 isoform complexes in crystalline arrays within the membrane [36] . In our recent study, we observed that the ratio of AQP4-M23:AQP4-M1 increased in subjects with AD and reported that an increase in this proportion was associated with the loss of perivascular AQP4 localization [11] . The fact that rs3875089 and rs3763040 are associated with altered cognitive decline in AD suggests that they may result in differential AQP4-M23 expression, which in turn could lead to altered AQP4 localization and altered Ab clearance. Future experimental studies are needed to investigate the association between AQP4 genotype and AQP4 isoform expression and localization.
Neuropathologic analysis of brain-autopsy samples showed that AQP4 SNPs were associated with changes in brain pathology in AD subjects. rs9951307 was associated with lower probability of large arterial infarcts, whereas Abbreviation: SNP, single-nucleotide polymorphism. NOTE. Z-statistics for the difference in neurohistopathological measures between AQP4 SNP carriers and noncarriers, post-AD diagnosis. Cells shaded in green represent a significant association with slowed cognitive or functional decline with possession of the SNP. Cells shaded in red represent a significant association with more rapid cognitive or functional decline with possession of the SNP. * 5 P , .05, ** 5 P , .01. rs3763040 and rs3763043 were associated with greater probability of multiple microinfarcts compared with noncarriers. Although large arterial infarcts and microinfarcts are typically not classic histopathological features of AD, these results are in alignment with our neurocognitive data. rs9951307 was associated with slower cognitive decline, whereas rs3763040 and rs3763043 were associated with faster cognitive decline. Although experimental studies suggest that AQP4 plays a key role in perivascular Ab clearance along the glymphatic pathway [8] [9] [10] , no associations were observed between AQP4 SNPs and measures of AD pathology such as Braak stage or neuritic plaque density. One possible explanation for this finding is that differences in the pathological progression between SNP carriers and noncarriers are obscured with the approach of AD subjects to the end stage of disease. This might explain why these associations were only evident when evaluating longitudinal neurocognitive data collected through the course of clinical disease. Future studies measuring biomarkers of AD pathology, including CSF Ab and amyloid positron emission tomography, throughout the course of preclinical, early, and late disease stages will be necessary to conclusively define whether these naturally occurring variants in the human AQP4 gene alter the course of AD pathology.
The limitations in this study are those inherent to its secondary nature and retrospective design. However, the longitudinal nature of measures used in our analysis is a major strength. We report data from 634 subjects that underwent multiple cognitive and functional evaluations over the course of several years, in some cases for nearly 3 decades. Furthermore, this is one of the first studies to investigate the effect of genetic mutations on the progression of AD and rates of cognitive decline. Erten-Lyons et al. [37] conducted an analysis on association of 97 SNPs on brain volume in AD. They found that only the FAS gene, a member of the tumor necrosis factor receptor superfamily, was associated with smaller brain volumes and larger ventricular volumes in AD patients. However, they did not include SNPs in the AQP4 gene in their analysis. In addition, our results are complicated by the fact that all but one of the AD subjects carrying the minor allele at rs3763040 were also carriers of the minor allele at rs3763043. However, we did not observe linkage disequilibrium with these alleles. Furthermore, our results suggest these genes may have a synergistic effect with one another, in that increased rate subjects carrying both the minor allele at rs3763043 and rs7363040 had faster cognitive decline compared with noncarriers and rs3763043 single carriers. Future mechanistic studies are needed to determine the structural and functional effects of these SNPs during AD.
Our results are noteworthy in that associations held true over multiple distinct cognitive and functional domains. In four of the five SNPs we investigated, SNP associations were either "protective" (associated with slower cognitive or functional decline across multiple tests) or "deleterious" (associated with more rapid cognitive or functional decline across multiple tests). However, rs335929 was associated with slower cognitive decline in two different tests, yet was associated with faster functional decline, as indicated by an association with faster increase in CDR SoB score. The reason for this discrepant finding is not clear. Future studies are needed to validate and replicate the associations and the direction of the associations observed in this study. In addition, these results can be further verified and expanded upon by utilizing larger databases (Alzheimer's Disease Neuroimaging Initiative [ADNI], etc.) to investigate the associations between variants in the AQP4 gene and additional structural and functional parameters (magnetic resonance imaging, histopathology, etc.). Furthermore, we selected only five APQ4 SNPs based upon their prior identification as being associated with CNS pathology [13] [14] [15] [16] . Nevertheless, our findings suggest that variation in the AQP4 gene alters the clinical course of AD, and thus, a more comprehensive analysis that better samples the genetic landscape surrounding the AQP4 gene is needed.
We incorporated a rigorous statistical analysis, utilizing a linear mixed modeling paradigm and incorporated stringent multiple comparison corrections to account for the multitude of tests that were run. As such, these results provide a foundation for future functional studies in both rodents and humans. These investigations should assess the effect of identified SNPs on perivascular AQP4 localization, expression levels, AQP4-M1:AQP4-M23 expression ratio, and glymphatic function.
AQP4 function is critical to glymphatic pathway function and the clearance of Ab [3, 6, 8] . In animal models of aging, Alzheimer's disease, and post-traumatic neurodegeneration, slowing Ab clearance and increasing tau pathology are linked to changes in AQP4 expression and localization and impairment of glymphatic function [3, 9, 10] . Although these experimental studies suggest that impairment of glymphatic pathway function may contribute to the development and progression of AD pathology, a role for these processes in human AD has not yet been conclusively demonstrated. This is in part due to the absence of clinically relevant imaging approaches to visualizing and evaluating glymphatic function. A recent analysis of human frontal cortical tissue from a cohort of 10 young (25-40 yrs.), 20 aged cognitively intact subjects (.65 years), and 20 aged AD subjects (.65 years) showed that loss of perivascular AQP4 localization was significantly associated with both worsening Ab plaque burden and neurofibrillary pathology, even when controlling for the impact of age. Similarly, logistic regression analysis showed that perivascular AQP4 localization was a strong predictor of AD status [38] . Though strictly correlative, this recent histopathological study and the present human genetics study provide key data from human AD subjects that support the notion that changes in AQP4 and glymphatic pathway function may contribute to AD pathogenesis. If validated with future studies, and substantiated by the direct clinical imaging approaches, then these studies suggest that glymphatic pathway dysfunction and AQP4 may represent novel therapeutic targets for the prevention and treatment of neurodegenerative diseases like AD.
In summary, we identified five SNPs in the AQP4 gene associated with the rate of cognitive and functional decline in AD. AQP4 is the key astroglial water channel in the brain and is important in the clearance of solutes and proteins from the CNS, including Ab. This is the first study to investigate the association between mutations in AQP4 and functional outcomes in AD. Although future mechanistic studies are needed to assess functional consequences of AQP4 SNPs, these results provide a potential biomarker for cognitive decline in AD, as well as a potential therapeutic target.
RESEARCH IN CONTEXT
1. Systematic review: The glymphatic system is a brainwide perivascular network that facilitates clearance of amyloid b from the brain interstitium and depends on the astrocytic water channel aquaporin-4 (AQP4).
2. Interpretation: We evaluated whether variants in the human AQP4 gene are associated with changes in the progression of AD. Using genetic and cognitive data from longitudinal cohorts, we identified five AQP4 single-nucleotide polymorphisms associated with altered rate of cognitive decline after AD diagnosis; two associated with slower decline, two associated with more rapid decline.
3. Future directions: These findings suggest that AQP4 function may influence trajectory of cognitive decline in AD and support the role of AQP4 and the glymphatic system in the development of AD. Future studies should (1) evaluate whether AQP4 singlenucleotide polymorphisms are associated with AD biomarkers such as CSF amyloid b or amyloid positron emission tomography imaging and (2) determine the molecular basis for the association between noncoding AQP4 variants and AQP4 function.
